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RESEARCH RESULTS TO DATE; The Plasma Source Ion Implantation (PSII) process forBACKGROUND surface modification, which evolved from fusion plasma
research activities, is being developed extensively, both

The proposal for this Research Initiation Grant to ex- in our laboratory19-42 and by other groups.43-49 P SII is a
tend Plasma Source Ion Implantation (PSII) to Ion Beam non-line-of-sight technique for surface modification of
Enhanced Deposition (IBED) was submitted to the ARO materials which is optimized for ion implantation of
in April, 1988. Although the proposal received non-planar targets in non-semiconductor applications. In
favorable reviews, it was not funded initially due to PSII, targets to be implanted are placed directly in a
ARO budget constraints. In December, 1988, Dr. Robert plasma source chamber and are then pulse-biased to
Reeber of ARO informed us that additional funds had high negative voltage. A thick, ion matrix sheath
become available; he suggested that we re-submit the forms around the target, and ions accelerate through the
proposal, and the proposal was funded on February 1, sheath drop and bombard the target from all sides
1989. In the intervening time between April 1988 and simultaneously without the necessity of target
February 1989, other sources of funding became avail- manipulation. Compared to conventional ion
able to the PSII group. In May, 1988, we received a Joint implantation, PSII minimizes the problems of
Materials/Manufacturing Initiative grant from NSF to shadowing and excessive sputtering of the target
develop nitrogen ion PSII for improved performance of material, which can severely limit the retained dose of
cutting tools and dies. In October, 1988, research on the the implanted ion species.
extension of PSil to IBED processing was already under- Our preliminary testing has demonstrated that ion
way with support from the the recently established implantation by PSII can substantially improve the
NSF Engineering Research Center in Plasma-Aided properties of certain materials in certain environments.
Manufacturing. Accordingly we have used the grant to However until quite recently, the PSII process has been
accomplish what we view as the the next logical step in limited to the implantation of ion species which are
the development of the PSII process; namely the gaseous at room temperature; in particular most of our
extension to Elevated-Temperature PSII IBED. PSII work to date has been done with nitrogen. This

Through ion implantation, it is possible to inject an limits the applicability, for example, tc, steels with
atom species into the surface of a material with the high chromium content and to wear applications at low
penetration depth determined by the ion energy and the to moderate temperatures. While some of the materials
stopping power of the bombarded substance. By this problems of interest to the Army can be solved by nitro-
means, it is possible to produce dramatic improvements gen implantation, others such as corrosion and wear
in the surface properties of a wide range of materials in- phenomena at elevated temperatures can not. For these
cluding metals, ceramics, and polymers.- 12 However, in broader applications, ion species such as titanium, car-
spite of the demonstrated effectiveness of ion implan- bon, chromium, etc. will be required. In order to address
tation in materials processing, industrial acceptance and this problem, we are beginning to extend the PSII process
application of ion implantation technology has been to operate in modes similar to the IBED (Ion Beam En-
quite limited. The principal explanation for this hanced Deposition) or ion mixing techniques which
limited acceptance is the relatively high cost of ion have been developed using conventional technology0,3 1.
implantation as compared with other surface modifica- In these techniques, a thin layer of a desired non-gaseous
tion techniques. implant species such as titanium is deposited onto the

In order to lower the cost of ion implantation, there target. In direct ion implantation, sputtering limits the
are a number of recently emerging developments in maximum achievable concentration of implanted species
which plasma techniques borrowed from other to atomic percentages ranging from 10 - 50% depending on
disciplines are being applied to ion beam surface modifi- the ion energy and sputtering coefficient. Also,
cation applications. The MEVVA (Metal Vapor Ion practically achievable ion energies limit the implanted
Vacuum Arc) ion source which was originally developed layer thickness to values of less than, or on the order of a
by Brown13, 14 at Lawrence Berkeley for use in heavy ion micron. IBED overcomes both these limitations of direct
nuclear physics rpsearch is now being employed to implantation. In IBED, thicker, more uniform layers can
generate very large current metal ion Ileams for surface be produced at lower implantation energies than are
modification. 15  Wilbur and his colleagues16,1 7 at required in dir-ct ion implantation. These films provide
Colorado State University have adopted ion thruster excellent wear and corrosion resistance, while
technology developed for spacecraft propulsion to de- exhibiting good adherence. Similarly, TiN coatings,
velop a high-current density process for rapid implanta- which had been bcmbarded with nitrogen, exhibited
tion of metals. In their process, the sample temperature improved wear corrosion and frictional properties, when
is allowed to rise to approximately 450°C, and enhanced compared to unimplanted coatings. IBED of coatings has
diffusion at this elevated temperature leads to greater an important additional advantage relative to more
depth of implantation relative to ambient temperature standard coating techniques (such as chemical vapor
processing. deposition), in that it does not require high
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temperatures for the production of highly adherent Although similar hardness profiles and layer thick-
coatings. nesses can be obtained by other processes, such as gas and

It is the ultimate intent of this ARO research pro- ion nitriding, the times required are as high as 18 to 24
gram to combine the best aspects of the PSI process with hours and an undesirable compound layer of iron nitrides
the best aspects of the IBED and elevated-temperature often forms on the surface.
processes described above. There are recent examples in A comparison of surface Knoop hardness of PSI1-ni-
the literature of thick coatings produced by reacting ni- trided and ion nitrided 4340, AISI410 and LOW EX
trogen and vanadium in a salt bath. Japanese re- 43PH steels shown in Table I indicates that it is possi-
searchers have recently described a process called ble to achieve surface hardnesses that are comparable
Thermo-Reactive Deposition and Diffusion. In this pro- to ion nitriding (with compound layer) by PSII process
cess, a steel substrate was first ion nitrided and then (without forming a compound layer).
placed in a salt bath containing vanadium atoms. After The type of hardness profile that can be achieved
reacting for 8 hours at 550-650'C, a continuous, adherent by the high temperature PSII process is shown in Fig. 1.
vanadium nitride layer was formed. The thickness of The modified layers obtained by the PSII process even
this layer varied between 2 and 20 gm, depending on with a low bias voltage and very low current density are
bath temperature and time. The friction and wear char- relatively deep and are comparable to ion nitriding.
acteristics were superior to most other surface modi- The elevated-temperature PSII process has yielded
fication processes. The major problems with the process substantial increases in wear resistance of steel pin on
are long treatment times, high treatment temperatures, disc test specimens. The profilometric traces of pin-on-
and environmental aspects of salt bath treatment and disc wear tracks shown in Fig. 2 indicate the increase in
disposal. Our research suggests that similar coatings adhesive wear resistance due to high temperature ni-
can be obtained by the elevated-temperature PSII-IBED trogen implantation by the PSII process. The summary of
technique, in shorter times and at somewhat lower the results of pin on disc wear tests shown in Fig. 3 also
temperatures. reveal a substantial improvement in sliding or adhesive

wear resistance in the case of AIS1410 and LOW EX

ELEVATED-TEMPERATURE PSII 43PH materials. The wear resistance depicted by the

RESEARCH RESULTS TO DATE depth of tracks follow very closely those of ion nitrided

We have already demonstrated the ability of P511 to layers (with compound layers) even at loads as high asWe avealradydemnstate th ablit ofPSI t 1.0 kg,

operate in IBED mode. In this section, we describe our
first experiments on elevated-temperature PSIL. The
ultimate goal will be to combine these two processes. TABLE 1. Knoop Microhardness at 100 gf Load

With PSII it is possible to attain elevated target Material PSII Ni- Ion Ni- %Variation w.r.t.
temperatures by controlling the ion current and the duty
cycle. By using PSII at temperatures in the range of 400- trided trided Ion Nitridin
525°C, hardened lavers having thicknesses ranging from 4340 580 688 - 15.7 %
10 to 50 m have been formed on steel substrates. We L E410 993 1021 - 2.7 %
have obtained surface Knoop hardnesses as high as 580, LOW EX 43PH 865 942 - 5.4 %
990 and 860 (at 100 gram load) on 4340, 410 stainless
steel and LOW EX 43PH steel respectively through ni-
trogen ion implantation. The thick, hard layers which
forms on these steel substrates derive from the enhanced
diffusion resulting from the combination of thermal and o 700
irradiation effects.

In the temperature range of 450-550°C, nitrogen dif- u 600
fusion in steel is quite high. The generation of vacancies .
in the ion cascade collision process further enhances the
diffusion process. In addition, the ability to deposit ni- 500
trogen ions below the surface eliminates the formation
of surface iron nitrides, which significantly decrease ni-
trogen diffusion. The experimental results of charac- X 400
terization of modified layers by optical metallography, 0
microhardness, x-ray diffraction and pin on disc wear 0r- 300 " , I , | ,
tests on a variety of steels, nickel base alloys and Tribo- 0 200 400 600 800
cor (niobium base allay) described in the succeeding Depth, ±m
paragraphs reveal the unique features of the high tem- Fig. 1. Knoop microhardness vs. depth of nitrogen im-
perature implantation of nitrogen by the PSII process. planted 4340 steel. Fluence: 5x1018 atoms/cm2 .

-2-



za research program is the development of a technique tor
producing transition element nitride coatings in order to

10 improve wear, corrosion and fatigue resistance of steels
i 0used for bearings and tools. We propose to combine the

- 0 _/ beneficial effects of4''
-10 o Plasma Source Ion Implantation (PS11)
-20 * Controlled elevated-temperature implantation

5(400-525 0c)-30 ,_,_,_, e Ion Beam Enhanced Deposition (IBED)
0 100 200 300 400

Horizontal Distance (mieons) to develop thick, hard, and adherent coaungs of transi-
tion element (Ti, Cr, Nb, V, and Zr) nitrides on steels

20 used for bearings and tools for increased corrosion-resis-

10. tance and wear-resistance. The desired result will be
Othe formation of a hard and adherent nitride layer

0 . with a thickness of several microns. This process can be
used on components made of materials that are resistant

. -10 to tempering (for example, M-50 or AMS-5749) in the
2above temperature range. The process can also be used

-20 advantageously on inexpensive steels which are not
> __0 very resistant to tempering (for example 52100) in the

0 100 zoo 300 4 above temperature range, by pre-tempering components
Hozizontai Distance (ntcrans at a slightly higher temperature than the treatment

temperature to stabilize the microstructure and then de-
Fig. 2. Comparison of 0.5 kg load pin-on-disc wear veloping a hard coating of the desired type on the
tracks in AISI410 stainless steel; unimplanted (top), and surface. This would result in a material with a very
nitrogen implanted, 3x1018 atoms/cm2 (bottom). hard, wear- and corrosion- resistant surface and a tough

core.
30 Surface modification of steels by elevated-tempera-

.ture nitrogen PSII results in a novel microstructure
AISI410 Stainless Steel (without compound layer), increased modified layer

depth (greater than 50 to 100 pm), with a significant in-
crease in hardness and wear resistance. The increased20
hardness of the layer produced during elevated temper-

Uature PSII can be the result of several strengthening
10 -s- U amechanisms. The major source of hardening is the forma-
10-- Ion~tt PSII tion of stable nitrides of alloying elements present in theIon _.t__ded work piece. Elements such as V, Ti, Nb, Cr and Al are

* strong nitride formers which precipitate out as small
0.0 0.2 --- particles (-50A). These precipitates provide very

0 -'strong dislocation pinning sites, which are effective
0.0 0.2 0.4 0.6 0.8 1.0 1.2 even at elevated temperatures. Another hardening

mechanism is Cottrell atmosphere pinning caused by
Load, Kg high concentration of nitrogen at dislocations. Both of

Fig. 3. Pin-on-disc wear of PSII nitrogen-implanted and these mechanisms provide surface hardening and can
ion-nitrided AISI410 stainless steel samples. moderately influence the coefficient of friction values

and corrosion resistance. In order to improve these prop-
erties significantly, it is necessary to form a coating of

PROPOSED RESEARCH ON PSII- the desired species on the surface which is adherent and

IBED AT ELEVATED TEMPERATURES has the requisite characteristics. This is where the
IBED process can be used advantageously.

Based on the abovea results, we have submitted to The process we envision is the sequential implanta-
ARO a renewal proposal entitled "Formation of Transi- tion/deposition of nitrogen and a strong nitride forning
tion Element Nitride Coatings on Steels Using Elevated- transition metal element, in such a way as to control the
Temperature Plasma Source Ion Implantation and Ion location and concentration of the ion species. The goal of
Beam Enhanced Deposition' The goal of this proposed this process is the formation of a highly adherent,
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